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Michael A. Hajdu, Donald D. Heistad, Jay E. Siems, and Gary L. Baumbach The purpose of this study was to examine effects of aging on the mechanics and composition of cerebral arterioles. We measured pressure (servo-null) and diameter in pial arterioles in anesthetized adult (9-12 months old) and aged (24-27 months old) Fischer 344 rats. After deactivation of smooth muscle with EDTA, diameter of pial arterioles at 70 mm Hg pial arteriolar pressure was less in aged than in adult rats (67±4 vs. 81±4 pm [mean±+SEMI, p<0.05). The stress-strain relation and the slope of tangential elastic modulus versus stress (6.8±0.6 vs. 5.3 ±0.3,p<0.05) indicated that distensibility of pial arterioles was reduced in aged rats. Cross-sectional area of the vessel wall, measured histologically, was less in aged than adult rats (1,239±91 vs. 1,832+ 180 gm2, p<0.05). Point counting stereology was used to quantitate smooth muscle, elastin, collagen, and basement membrane in the arteriolar wall. Crosssectional areas of smooth muscle and elastin were significantly less in aged than adult rats (744±57 vs. 1,291±119 ILm2 for smooth muscle, 52±6 vs. 113±15 11m2 for elastin; p<0.05), whereas cross-sectional areas of collagen and basement membrane were not significantly different in aged and adult rats (4±1 vs. 3±1 11m2 for collagen, 236±+17 vs. 258±31 jum2 for basement membrane). The ratio of nondistensible (collagen and basement membrane) to distensible (smooth muscle and elastin) components was greater in aged than adult rats (0.30±0.01 vs. 0.18±0.01, p<0.05). Thus, we conclude that, during aging, cerebral arterioles undergo atrophy, distensibility of cerebral arterioles is reduced, and the relative proportion of distensible elements, elastin and smooth muscle, is reduced in the arteriolar wall. (Circulation Research 1990 ;66:1747-1754) A ging appears to alter structure and mechanics of cerebral blood vessels and predisposes to stroke.1,2 The ratio of collagen to elastin increases in internal carotid artery between 2 and 24 months of age in rats, and distensibility decreases. 3 In vertebral and basilar arteries in humans, aging increases wall thickness and the ratio of collagen to elastin and reduces distensibility.4 Effects of aging on structure and mechanics of cerebral vessels have been studied in only large extracranial and intracranial arteries.
Effects of aging on cerebral arterioles are not known. Based on findings in large arteries, one might anticipate that distensibility of cerebral arterioles is diminished during aging. However, findings derived from previous studies of chronic hypertension suggest that cerebral arterioles might respond differently than large arteries during aging. In spontaneously hypertensive rats (SHRs) and stroke-prone SHRs (SHRSPs), the basilar artery and branches of the posterior cerebral artery undergo hypertrophy, and distensibility of the arterial wall is reduced.5-8 In contrast, we have suggested that, despite hypertrophy of cerebral arterioles in SHRSPs, distensibility of the arteriolar wall is increased.9 With respect to chronic hypertension, therefore, findings in large arteries may not be predictive of responses of cerebral arterioles.
The first goal of this study was to determine effects of aging on distensibility of cerebral arterioles. We examined the possibility that distensibility of cerebral arterioles, as well as large arteries, might change during aging. The second goal was to determine effects of aging on composition of cerebral arterioles. We anticipated that a change in distensibility of 344 rats obtained from the National Institute on Aging colony maintained by Harlan Sprague-Dawley, Indianapolis, Indiana. Senescence is considered to be the age at which there is 50% mortality, which in Fischer rats is approximately 24 months of age.1011 The animals were anesthetized with sodium pentobarbital (5 mg/100 g body wt i.p.), intubated, and mechanically ventilated with room air and supplemental 2. Paralysis of skeletal muscle was obtained with gallamine triethiodide (20 mg/kg i.v.).
A catheter was inserted into a femoral vein for injection of drugs and fluids. A catheter was inserted into a femoral artery to record systemic arterial pressure and obtain blood samples for measurement of arterial blood gases, and a catheter was inserted into the other femoral artery to withdraw blood to produce hypotension.
Blood pressure was measured in six adult and six aged, unanesthetized Fischer rats by using a tail-cuff measuring device (IITC, Woodland Hills, California).
Measurement of Pial Arteriolar Pressure and Diameter
We measured pressure and diameter of first-order pial arterioles12 through an open skull preparation. 9 The head was placed in an adjustable head holder, and a 1-cm incision was made in the skin to expose the skull. The skin edges were retracted with sutures, and ports were placed for inflow and outflow of artificial cerebrospinal fluid (CSF). A craniotomy was made over the left parietal cortex, and the dura was incised to expose cerebral vessels. The exposed brain was continuously suffused with artificial CSF, warmed to 37°-38°C and equilibrated with a gas mixture of 5% C02-95% N2. The composition of the CSF was (mM) KCl 3.0, MgCl2 0.6, CaCl2 1.5, NaCl 131.9, NaHCO3 24.6, urea 6.7, and dextrose 3.7.9 The CSF pH was 7.28+0.03, Pco2 was 48+1 mm Hg, and Po2 60+2 mm Hg.
Pial arteriolar pressure was measured continuously with a micropipette connected to a servo-null pressure measuring device (model 4A, Instruments for Physiology and Medicine, Inc, San Diego, California). Pipettes were sharpened to a beveled tip 3-5 ,um in diameter, filled with 1.5 M sodium chloride, and inserted into the lumen of a pial arteriole with a micromanipulator. The presence of the pipette tip in the vessel wall had no discernible effect on diameter of pial arterioles.
Pial vessels were monitored through a Leitz microscope (NPI x 10 objective) (Rockleigh, New Jersey) attached to a closed-circuit video system consisting of a television camera, a time-date generator, a videotape recorder and a video monitor. Final magnification of the video image was x354. Pial arteriolar diameter was measured from videotapes by a Bioquant image analyzing system (R&M Biometrics, Nashville, Tennessee). The Bioquant system consists of an Apple lIe computer, a videoboard, a digitizing pad, and software. We have determined previously that the precision of the Bioquant system ranges from 0.4 to 0.6 ,um.9
To determine whether first-order pial arterioles in adult and aged rats were from similar levels in the vascular tree, we traced the branching order of the middle cerebral artery in six adult and six aged rats. In all rats, the arteriolar segment examined in vivo was while maintaining pial arteriolar pressure at 60-80 mm Hg. Arterioles were considered to be adequately fixed when blood flow through the arteriole had ceased. We have shown previously that this method of fixation has no significant effect on vessel diameter.14 After the animal was killed by an injection of potassium chloride, the arteriolar segment used for pressure-diameter measurements was removed with a microsurgical knife. Fixed arterioles were processed, embedded in Spurr's medium while crosssectional orientation was maintained, and sectioned at 1 gm. Sections were examined with a light microscope attached to the Bioquant image analyzing system described above. Luminal and total (lumen plus vessel wall) cross-sectional areas of the arteriole were measured with the digitizing pad by tracing the inner and outer edges of the vessel wall. Crosssectional area of the arteriolar wall was calculated by subtraction of luminal cross-sectional area from total cross-sectional area.
Calculation of Mechanical Characteristics
Circumferential stress (or) was calculated from pial arteriolar pressure (PAP), inner diameter of pial arterioles (PADj), and wall thickness (W1T): u=(PAP. PADi)/(2WT) Pial arteriolar pressure was converted from millimeters of mercury to dynes per square centimeter (1 mm Hg= 1.334 x0l dynes/cm2). Because volume of the vessel wall does not change during changes in intravascular pressure,~1516 we assumed that cross-sectional area of the vessel wall remains constant with changes in arteriolar diameter. Thus, wall thickness can be calculated from cross-sectional area (CSA) and inner pial arteriolar diameter: Cross-sectional area of the vessel wall was significantly less in the aged than the adult group, which suggests that cerebral arterioles may undergo atrophy during aging.
Mechanical characteristics. The pressure-diameter relation was significantly different in adult and aged rats (Figure 1 ). Diameter of deactivated arterioles was significantly less in aged than in adult rats at 70 mm Hg pial arteriolar pressure, but not at 10 mm Hg pial arteriolar pressure.
The stress-strain curve in aged rats was shifted to the left of the curve in adult rats (Figure 2 , left panel). The slope of tangential elastic modulus versus stress was significantly greater in aged than in adult rats (6.8+0.6 vs. 5.3+0.3, p<O.OS) (Figure 2 , right panel). Because the slope of tangential elastic modulus versus stress reflects stiffness of biological tissue,19,20 these findings suggest that circumferential stiffness of pial arterioles is increased with age.
Arterial pressure was less in aged rats than in adult rats (Table 1) , and pressure is an important determinant of arterial wall mass and mechanics.5-79 To determine whether differences in wall mass and mechanics of cerebral arterioles in adult and aged rats might be related to differences in arterial pressure, a subgroup of rats with similar systemic and pial pressures was selected from each group. In groups with similar pressures, cross-sectional area of the vessel wall was less in aged rats than in adults (Table  2) . Furthermore, in these subgroups, the pressurediameter curve was shifted downward (Figure 3) , the stress-strain curve was shifted to the left, and the slope of tangential elastic modulus versus stress was significantly increased (7.8+0.8 vs. 5.4 +0.4, p<0.05) in the aged group (Figure 4 ). These findings suggest that reductions in arterial pressure do not account for alterations in wall mass or mechanics of cerebral arterioles in aged rats.
Composition
Morphology. The composition of pial arterioles was qualitatively similar in adult and aged rats ( Figure 5 Arterioles in both groups had one or two layers of smooth muscle. Elastin was confined primarily to the internal elastica, although small amounts of elastin were observed occasionally between smooth muscle cells. Other components in the arteriolar wall included basement membrane, which lined endothelial and smooth muscle cells, and collagen fibrils, which were found between smooth muscle cells. Stereology. Cross-sectional areas of smooth muscle, elastin, and endothelium were significantly less in aged than in adult rats (Table 3) . Cross-sectional areas of collagen and basement membrane were similar in the two groups. Thus, atrophy of cerebral arterioles in aged rats resulted primarily from reductions in the more distensible components of the vessel wall (Table 3) .
To relate alterations in structure of pial arterioles to alterations in distensibility, we calculated the ratio of nondistensible to distensible components in the arteriolar wall. Previously, only collagen and elastin have been considered when calculating this ratio in large arteries. 21 The ratio of collagen to elastin in pial arterioles was greater in aged than adult rats ( Figure  6 , left panel). Pial arterioles, however, contain very little collagen. Other components of the vessel wall, such as basement membrane and smooth muscle, constitute a major fraction of the arteriolar wall and may contribute greatly to distensibility of pial arterioles. Elastic modulus of basement membrane has not been measured, but we chose to add basement membrane to collagen, rather than to elastin, because basement membrane contains significant amounts of type IV collagen.2223 When basement membrane was combined with collagen, the ratio of nondistensible to distensible components in pial arterioles again was greater in aged than in adult rats ( Figure 6, middle panel) . The elastic moduli of smooth muscle and elastin indicate that both components are relatively compliant.24 When smooth muscle and elastin were combined, the ratio of nondistensible to distensible components was also greater in aged than in adult rats ( Figure 6 , right panel). Thus, atrophy of pial arterioles with aging is accompanied by a relative decrease in the more distensible components of the arteriolar wall.
Discussion
There are three major new findings in this study. First, the wall of cerebral arterioles undergoes atrophy during aging. Second, distensibility of cerebral arterioles is reduced in aged rats. Third, the relative proportion of the more distensible elements, elastin and smooth muscle, is reduced in arterioles of aged rats. Thus, proportional composition of cerebral arterioles in rats is shifted in a direction during aging that favors a reduction in arteriolar distensibility.
Consideration of Methods
An important consideration in this study was the choice of Fischer 344 rats as an experimental model of aging. Effects of aging on systemic circulation have been examined previously in the Fischer rat. [25] [26] [27] The life span of Fischer rats has been clearly defined. Senescence in rats is defined as the age at which mortality rate approximates 50%,1O which in the Fischer 344 is 2 years.1' Stress (dynes/cm2 x 106) Elastic Modulus (dynes/cm2 x 106) 0.8r 6r The method that we used to examine mechanics of pial arterioles takes into account several factors that could compromise our calculations of stress, strain, and tangential elastic modulus. These factors, which include plasma skimming, effectiveness of smooth muscle deactivation, compressibility of the wall, and definition of original diameter in the determination of strain, have been considered in detail previously 
